Rationale: Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disorder of the lung, yet the mechanisms that regulate this immune-inflammatory response are not fully understood. Objectives: We investigated whether IL-32, a newly discovered cytokine, was related to markers of inflammation and clinical progression in COPD. Methods: Using immunohistochemistry, expression of IL-32 was examined in surgically resected specimens from 40 smokers with COPD (FEV 1 5 39 6 4% predicted), 11 smokers with normal lung function, and 9 nonsmoking control subjects. IL-32 was quantified in alveolar macrophages, alveolar walls, bronchioles, and arterioles, and confirmed by molecular analysis. The levels of IL-32 were correlated with the cellular infiltrates, markers of inflammation, and clinical data. Measurements and Main Results: Macrophage staining for IL-32 was increased in smokers with COPD compared with control smokers and nonsmokers (P 5 0.0014 and P , 0.0001, respectively), and similar differences were observed in alveolar walls (P 5 0.0004 and P 5 0.0005) and bronchiolar epithelium (P 5 0.004 and P 5 0.0009). This increase was also detected at the mRNA level (P 5 0.007 vs. control smokers and P 5 0.029 vs. nonsmokers) and was mainly due to non-a isoforms. Moreover, IL-32 expression was positively correlated with tumor necrosis factor-a (P 5 0.004, r s 50.70), CD8 1 cells (P 5 0.02, r s 50.46), phospho p38MAPK (P , 0.01, r s 50.60) and negatively with FEV 1 values (P 5 0.004, r s 5 20.53). Conclusions: This is the first study to demonstrate increased expression of IL-32 in lung tissue of patients with COPD, where it was colocalized with tumor necrosis factor-a and correlated with the degree of airflow obstruction. These results suggest that IL-32 is implicated in the characteristic immune response of COPD, with a possible impact on disease progression.
Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and mortality worldwide. Estimates from the World Health Organization Global Burden of Disease indicate that, in 2001, COPD was the fifth leading cause of death in highincome countries and the sixth in nations of low and middle income, accounting for about 4% of total deaths (1) . It is generally agreed that COPD is a progressive disease arising from an inflammatory response to noxious particles or gases (2) . COPD is a classic gene-by-environment disease with various manifestations that reflect both the individual susceptibility and the degree of exposure to irritants, of which cigarette smoke is the most frequent. A number of studies have demonstrated that, in patients with COPD, a chronic inflammatory process is present throughout the airways, lung parenchyma, and pulmonary vasculature, and extends even outside the lung (3) (4) (5) (6) . The inflammatory response in the lung is characterized by infiltration of CD8 1 T lymphocytes, which are polarized toward a type 1 profile with production of IFN-g, among other cytokines (7, 8) .
IL-32 is a recently described cytokine produced by T lymphocytes, natural killer cells, monocytes, and epithelial cell lines (9, 10) . IL-32 is prominently induced by IFN-g in vitro (9) and, conversely, its depletion reduces IFN-g production (11) , thus suggesting a regulatory feedback mechanism. The gene encoding IL-32, which is organized into eight exons, is located on human chromosome 16p13.3; six splice variants have been described (IL-32a, IL-32b, IL-32g, IL-32d, e and z) (9, 12) , of which IL-32g is the full-length isoform without any exonic deletions. IL-32 exhibits several properties typical of proinflammatory cytokines. For example, the cytokine induces tumor necrosis factor (TNF)-a, IL-1b, IL-18, and chemokines through the activation of nuclear factor (NF)-kB and p38 mitogenactivated protein kinase (MAPK) (9) .
IL-32 has recently been proposed as a possible regulator of innate and adaptive immune responses in vitro (10) . In humans, only two in vivo studies have demonstrated up-regulation of IL-32, one in rheumatoid arthritis (13) and one in Crohn's disease (14) , both of which have a pathogenetic autoimmune compo-
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Chronic obstructive pulmonary disease (COPD) is characterized by an exaggerated immune response, but the mechanisms of this response are yet unknown. IL-32 has recently been proposed as a possible regulator of innate and adaptive responses, particularly in inflammatory diseases.
What This Study Adds to the Field
IL-32 protein and mRNA were increased in lungs of smokers with COPD compared with unaffected subjects. IL-32 correlated with tumor necrosis factor-a, CD8 1 cells, and phospho p38 mitogen-activated protein kinase, suggesting that this cytokine contributes to the characteristic immune response in COPD.
nent. Whether this cytokine is implicated in the immune response characteristic of COPD still remains to be investigated. To explore this issue, in the present study the levels of IL-32 protein and mRNA were determined in surgically resected specimens from the following three groups of subjects: smokers with COPD, asymptomatic smokers with normal lung function, and nonsmoking control subjects. Morphometric analysis was also applied to quantify the amount of TNF-a in the same lung specimens, and colocalization of IL-32 and TNF-a was confirmed by confocal microscopy. Moreover, the expression of IL-32 was correlated with phosphorylated p38 MAPK, with the number of neutrophils and CD8 1 cells infiltrating the alveolar walls and with the degree of airflow obstruction. Preliminary results of this study have been previously reported in abstract form (15, 16) .
METHODS Subject Characteristics
To quantify the expression of IL-32 and TNF-a, we collected peripheral lung tissue from 60 subjects undergoing surgery for appropriate clinical indications: lung transplantation or lung volume reduction surgery for severe emphysema, and lung resection for solitary peripheral nodules (details are included in the online supplement). The subjects were categorized into the following three groups: smokers with COPD (GOLD [Global Initiative for Chronic Obstructive Lung Disease] stages I-IV; n 5 40); asymptomatic smokers with normal lung function (control smokers; n 5 11) and asymptomatic, nonsmoking subjects with normal lung function (nonsmokers; n 5 9). Moreover, to look into disease specificity, IL-32 expression was evaluated in other inflammatory lung diseases of different etiologies. In particular, we examined autoptic samples from two subjects with asthma and two subjects with either viral or fungal pneumonia (cytomegalovirus or Aspergillus), as well as open lung biopsies from two subjects with collagen disease-associated nonspecific interstitial pneumonia (NSIP) pattern, and one subject with pulmonary involvement of rheumatoid arthritis.
Subjects with COPD did not experience any exacerbations or acute upper respiratory tract infections during the month preceding surgery. Each patient underwent interview, electrocardiography, routine blood tests, and pulmonary function tests, which were performed as previously described (17) . The study conformed to the Declaration of Helsinki and was approved by the local ethics committee. Informed written consent was obtained for each subject undergoing surgery.
Immunohistochemistry and Morphometric Analysis
Lung tissue preparation and immunohistochemistry were performed as described in the online supplement. Briefly, sections were treated for 60 minutes with primary antibodies (at a concentration of 0.3 mg/ml) (i.e., murine anti-human IL-32 [clones 09 and 07, produced as previously described]) (11, 18) and anti-human TNF-a (T6817; SigmaAldrich, St. Louis, MO). IL-32 and TNF-a expression was quantified in alveolar macrophages and alveolar walls as described in the online supplement. To standardize the results, cell counts were expressed as percentage of positive macrophages over total macrophages examined, and as number of positive cells per millimeter of alveolar wall, respectively. Expression of IL-32 and TNF-a was also evaluated in peripheral airways (epithelium and smooth muscle) and pulmonary arterioles (tunica media) using a semiquantitative score (0: no staining; 1: weak staining; 2: moderate staining; 3: strong staining).
Confocal microscopy (details are included in the online supplement) was applied to confirm the coexpression of IL-32/TNF-a and IL-32/CD8 already observed in subsequent serial sections.
Moreover, to investigate potential correlations between IL-32 expression and other inflammatory parameters known to be up-regulated in COPD, we used immunohistochemical quantification of CD8 1 T lymphocytes, neutrophils, and phospho p38 1 cells obtained in previous reports (4, (19) (20) (21) (22) . Data for CD8 1 T lymphocytes were available in 35 of the 60 patients, whereas data for neutrophils and phospho p38 1 cells were available in 28 of 60 patients (equally represented among the different groups examined). Details are included in the online supplement.
Molecular Analysis for IL-32 mRNA Detection
Reverse transcriptase-polymerase chain reaction (RT-PCR) and semiquantitative evaluation of mRNA levels were performed in a representative population (nearly 50% of subjects included in the immunohistochemical analysis, equally distributed among the three groups examined): 17 patients with COPD, 7 control smokers, and 6 nonsmokers. All IL-32 PCR products were analyzed by gene sequencing. Further details are reported in the online supplement.
Statistical Analysis
All cases were coded and the measurements were made without knowledge of clinical data. Group data were expressed as mean and SEM, or as median and range when appropriate. Differences between groups were analyzed using the following tests for multiple comparisons: the analysis of variance and the unpaired Student's t test for clinical data and molecular findings, and the Kruskal-Wallis test and the Mann-Whitney U test for morphologic data. IL-32 isoform frequencies were compared by Fisher's exact test. Correlation coefficients were calculated using Spearman's rank method and corrected for multiple comparison using the Holm method (23, 24) .
RESULTS

Clinical Characteristics of Study Subjects
The clinical characteristics of the subjects examined are shown in Table 1 . Demographic analysis revealed that age was not significantly different in the three groups of subjects. Moreover, smoking history was similar in smokers with COPD and control smokers. As expected from the selection criteria, subjects with COPD had significantly lower values of FEV 1 % predicted and FEV 1 /FVC % as compared with control smokers and nonsmokers. Among patients with COPD, 21 were in GOLD stage IV, 7 were in GOLD stage III, 10 were in GOLD stage II, and 2 in GOLD stage I. In smokers with COPD, the values of Pa O 2 were significantly reduced, and those of Pa CO 2 were significantly increased compared with the other two groups of subjects examined. Smokers with COPD had signs of lung hyperinflation (increased residual volume) and impaired carbon monoxide diffusion capacity (decreased DL CO ) as compared with control smokers.
Smokers with mild/moderate COPD, asymptomatic smokers with normal lung function, and asymptomatic, nonsmoking subjects with normal lung function did not receive antiinflammatory therapy (e.g., oral or inhaled corticosteroids) or antibiotics within the month preceding surgery, or bronchodilators within the pre- Values are expressed as mean 6 SEM. Measurements of RV were performed in only 41 subjects (34 with COPD and 7 control smokers). Measurements of DL CO were performed in only 33 subjects (28 with COPD and 5 control smokers).
* Significantly different from control smokers and nonsmokers (P , 0.05). † Significantly different from control smokers (P , 0.05).
vious 48 hours. All patients with very severe or severe COPD were treated with inhaled anticholinergics and/or b 2 -agonists/inhaled corticosteroids, and 10 of them with oral steroids.
Immunohistochemical Findings
IL-32 immunoreactivity was mainly observed in alveolar macrophages and alveolar walls ( Figures 1A-1C ). Positive staining was mostly detected at the cytoplasmic level with both diffuse as well as granular patterns. Strong nuclear staining was also observed, particularly in cuboidal alveolar cells (as characterized by anti-human cytokeratin, clone MNF116) of patients with severe COPD (Figures 1C and 1D ). Extensive IL-32 immunoreactivity was also seen in peripheral airways ( Figure 1B) , particularly in the epithelium (as cytoplasmic staining in ciliated cells and in marginal areas of goblet cells) and in interstitial cells, including inflammatory cells, infiltrating the airway wall. The same IL-32 immunoreactivity was observed in central airways of patients with COPD, mainly represented in the epithelial layer and in bronchial glands (see Figure E2 in the online supplement). When quantitative analysis was performed, the percentage of IL-32 1 macrophages was increased in smokers with COPD compared with smoking (P 5 0.0014) and nonsmoking control subjects (P , 0.0001) (Figures 2A and 1A , 1E, and 1F). Patients with COPD were also grouped according to disease severity. Subjects with severe COPD were clustered with a markedly high percentage of IL-32 1 cells, whereas patients with mild/ moderate COPD exhibited scattered values; a trend was present for increased IL-32 expression in patients with severe COPD compared with those with mild/moderate disease (P 5 0.07). Moreover, the percentage of IL-32 1 macrophages was increased in smokers with normal lung function when compared with nonsmoking control subjects (P 5 0.03) (Figure 2A) .
In alveolar walls, increased IL-32 expression was observed in smokers with COPD compared with both smoking and nonsmoking control subjects (P 5 0.0004 and P 5 0.0005, respectively) ( Figure 2B ). IL-32 expression was also increased in the bronchiolar epithelium of smokers with COPD when compared with control smokers (P 5 0.004) and nonsmokers (P 5 0.0009) ( Table 2 and Figure 1B) .
No differences were found in IL-32 expression in smooth muscle of peripheral airways and pulmonary arterioles (Table  2) . Moreover, in none of the compartments examined was IL-32 expression different between current or ex-smokers.
TNF-a immunostaining in alveolar macrophages was mainly observed in cytoplasm. The percentage of TNF-a 1 macrophages was increased in both smokers with COPD and smokers with normal lung function when compared with nonsmokers (P , 0.0001 and P 5 0.0005, respectively) ( Figure 2C ). Moreover, in alveolar walls, increased TNF-a expression was observed in smokers with COPD compared with nonsmoking control subjects (P 5 0.018) ( Figure 2D ). No differences were seen in TNF-a expression between smokers with severe COPD and those with mild/moderate disease.
No differences were found in TNF-a expression in peripheral airway epithelium and smooth muscle, and in pulmonary arterioles (Table 2 ). In none of the compartments examined was TNF-a expression different between current or ex-smokers. Confocal microscopy analysis showed coexpression of IL-32 and TNF-a in many macrophage-like cells (Figures 3A-3C ) and metaplastic epithelial cells. CD8 1 T-lymphocytes, which are the predominant cells infiltrating the alveolar walls in COPD, also coexpressed IL-32 ( Figures 3D-3F) .
IL-32 evaluation in other inflammatory disorders of the lung revealed strong reactivity in the patient with rheumatoid arthritis and in those with collagen disease-associated NSIP, particularly in alveolar macrophages and, to a lesser extent, in alveolar walls ( Figures 4A and 4B) . By contrast, rare immunoreactivity for IL-32 was present in subjects with asthma and in those with pulmonary infections, whose samples were nearly negative ( Figures 4C and 4D ).
Because most of the patients included in this study (either in COPD or in control groups) had lung cancer, there is concern that the concomitant presence of lung cancer may have influenced the results. However, among patients with lung cancer, those with COPD had an increased expression of IL-32 compared with those without COPD (P 5 0.02 for IL-32 1 macrophages and P 5 0.007 for IL-32 1 cells/mm). In addition, among patients with COPD, those with severe disease (the majority of which did not have lung cancer) showed a trend for increased IL-32 expression when compared with those with mild/moderate COPD (who had concomitant lung cancer).
Molecular Findings
The intensity of the band coding for glyceraldehyde-3-phosphate dehydrogenase in each sample did not differ significantly within the study groups. A significant increase of IL-32 mRNA was observed in smokers with COPD compared with both smoking and nonsmoking control subjects (4-fold [P 5 0.007] and 2.8-fold [P 5 0.03], respectively). No significant differences were detected between smoking and nonsmoking control subjects ( Figure 5 ). The greater proportion of IL-32 mRNA was detected as a 307 base pair amplicon, corresponding to IL-32 non-a (b, g, and d). A well-visible 136-bp PCR product, corresponding to IL-32a, was seen in 54% of control cases (7/13) and in only 6% of patients with COPD (1/17) (P 5 0.009). Sequence analysis of all the amplicons showed a high homology (100%) with the expected IL-32 non-a (b, g, and d) isoforms (accession numbers: NM004221, NM001012718, NM001012631, NM001012632, NM001012634, NM001012635, NM001012636) and IL-32a (accession number: NM001012633).
Correlations
When all patients were considered together, several statistically significant correlations were observed relating the different morphometric measurements to each other, and also to functional parameters. All details of this analysis are reported in the online supplement, including figures ( Figures E3A and E3B ). In particular, IL-32 expression was negatively correlated with lung function parameters (FEV 1 and FEV 1 /FVC) and positively correlated with TNF-a expression, with the number of CD8 1 cells infiltrating the alveolar walls and with the phosphorylation state of p38 MAPK. The correlations between IL-32 expression and FEV 1 , FEV 1 /FVC, TNF-a, and p38 MAPK remained significant when nonsmoking subjects were excluded from the analysis.
DISCUSSION
To our knowledge, this is the first study that demonstrates increased IL-32 protein levels in lung samples from smokers with COPD compared with unaffected subjects. Elevated steady-state mRNA was consistent with the increase in IL-32 by immunohistochemistry. Moreover, IL-32 protein significantly correlated with the presence of TNF-a, with the number of CD8 1 cells, and with the levels of phospho p38 MAPK.
It is now widely accepted that activation of an immuneinflammatory response plays a key role in the pathogenesis of COPD. An inflammatory response is present in virtually all smokers (25, 26) , and this is thought to represent a normal, nonspecific response to injury (innate response) (27) . However, not all smokers develop COPD, suggesting that the disease requires both exposure to cigarette smoke and individual susceptibility. It has been hypothesized that susceptibility to COPD may occur from a shift in the nonspecific innate response toward an adaptive immune response (28) . Although the source of the specific antigen is still a matter of ongoing debate, it has been proposed that autoimmune mechanisms could be operational in COPD (29) . Indeed, some recent studies have reported the presence of autoimmunity in smoking-induced emphysema by conventional criteria, demonstrating both cellular and humoral responses against self-antigens, particularly elastin peptides (30, 31) .
To date, overexpression of IL-32 has been described in inflammatory disorders associated with an autoimmune component, but information on activation of this pathway in vivo is indeed limited. Up-regulation of IL-32 is present in synovial tissue of patients with rheumatoid arthritis (13) , where it is correlated with the expression of proinflammatory cytokines, such as IL-1b, IL-18, and TNF-a, and with markers of clinical severity. Moreover, epithelial expression of IL-32 is enhanced in the inflamed mucosa of patients with Crohn's disease (14) . Of interest, in our study, we observed intense IL-32 immunoreactivity, aside from COPD, in the patient with rheumatoid arthritis and in those with collagen diseases-associated NSIP, but not in the subjects with asthma or infective pneumonia. These observations suggest that IL-32, rather than a general signal, which becomes activated in each inflammatory state, could be more specifically associated with autoimmune responses.
In this study, we observed a prominent cytoplasmic staining in alveolar macrophages where IL-32 induces the production of several cytokines thought to be important in COPD, such as IL1b, TNF-a, IL-6, and IL-18 (9) . Of interest, down-regulation of these inflammatory mediators has been described using specific small inhibitory RNA against IL-32 in human peripheral blood mononuclear cells (11) . In addition, small inhibitory RNA inhibiting IL-32 also suppresses nuclear binding of NF-kB and activator protein-1 (11) . Notably, IL-32 expression was positively correlated with both the phosphorylation of p38 MAPK and TNF-a levels. These correlations, together with reports that NF-kB is activated in COPD (32) , support the hypothesis that the IL-32/TNF-a pathway plays a key role in the amplification of the immune response.
The major known sources of IL-32 are inflammatory cells, particularly macrophages, which have been shown to produce this cytokine in vitro (10, 33) . We demonstrated, for the first time in human lung tissue, an active IL-32 transcription confirmed by gene sequencing. The non-a IL-32 isoforms were abundant in patients with COPD. By contrast, the a isoform, which was prevalent in unaffected subjects, was hardly detectable in patients with COPD (only 1 out of 17 subjects). The functions of the different IL-32 isoforms are unknown; however, as with other cytokines, it is possible that the different splice variants may function as antagonists (34, 35) . In line with these observations, in the present study, overexpression of the non-a isoforms in COPD is associated with depletion of the a isoform, even if it remains to be established whether the lack of the a isoform is detrimental.
In addition to alveolar macrophages, a prominent immunostaining was observed in the alveolar walls, particularly in cuboidal alveolar cells of patients with severe COPD. These cells exhibited marked cytoplasmic staining, in some cases associated with nuclear positivity. The significance of nuclear positivity in this cytokine, believed to be largely produced at the cytoplasmic level, is unknown. However, it is possible that nuclear translocation could influence the transcription of other cytokines and growth factors, as could be the specific case for TNF-a.
Moreover, other possible sources of IL-32 in the alveolar walls could be represented by CD8 1 T lymphocytes that have the potential to produce IL-32 in vitro (12) . In our study, we were able to demonstrate colocalization of IL-32 and CD8 by confocal microscopy, an observation that is further supported by the positive correlation observed between IL-32 expression and CD8 1 cells in alveolar walls. Of interest, CD8 1 T lymphocytes, which infiltrate the alveolar walls in patients with COPD (4, 21, 36) , may promote apoptosis of epithelial cells through different mechanisms that may also require IL-32 (14) . Indeed, extensive alveolar epithelial apoptosis, not counterbalanced by effective proliferation, has been proposed to be responsible for lung alveolar loss in both clinical and experimental studies (21, 36, 37) . Although we are well aware that correlations do not imply a cause-effect relationship, the association between expression of IL-32 and degree of airflow limitation in our study supports the concept that the cytokine may be particularly relevant for the progression of the disease, regulating both inflammatory and apoptotic processes. Accumulating evidence points out that inflammation and apoptosis are indeed amplified in patients with advanced COPD (21, 38, 39) , where one would expect only destructive lesions, thus setting the stage for the possibility of therapeutic interventions, even in end-stage disease.
We should acknowledge that ours is an observational study, and that we could not perform alternative methods to quantify IL-32 and TNF-a expression, such as ELISA or Western blot, nor a precise quantitative real-time PCR. Nevertheless, we believe that studies of this kind are important, because they have the potential to provide the clinical framework for proper functional investigations. Another potential bias in this study is that only a small number of subjects were examined in the control groups, but this is a common limitation because of the scarcity of patients without COPD who undergo a comprehensive clinical and functional characterization presurgically. Finally, a great proportion of subjects (either in COPD or in control groups) had lung cancer, and the presence of cancer itself may have influenced the results by enhancing inflammation (40) . However, smokers with severe COPD who did not have lung cancer had the greatest levels of IL-32 expression. Therefore, if a bias due to cancer was present, this was in the opposite direction, and the up-regulation of IL-32 in COPD would be even greater if compared with bettermatched control groups.
In conclusion, this study demonstrated overexpression of IL-32 in the lung periphery of smokers with COPD that was correlated with the presence of TNF-a and with the degree of airflow obstruction. Because increased levels of IL-32 were most prominent in alveolar macrophages, it may be worthwhile to investigate whether IL-32 is detectable with less invasive tools, such as bronchoalveolar lavage and induced sputum. If this is proven to be true, then IL-32 could be considered not solely as a therapeutic target in COPD, but also as a valid biomarker for disease progression.
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